ABSTRACT Flax seed is a rich source of α-linolenic acid (18:3 n-3). Feeding broiler birds flax seed can increase n-3 fatty acids in meat tissues. However, non-starch polysaccharides in flax seed decrease nutrient digestibility and can have a negative impact on bird performance and muscle fatty acid content. Addition of carbohydrase enzymes to flax-based broiler diets can decrease the anti-nutritive effects of nonstarch polysaccharides. An experiment was conducted to investigate on the effect of flax seed and carbohydrase enzyme foregut morphology, muscle tissue, fatty acids, and bird performance. A total of 112 five-dayold broiler chicks were assigned to one of four treatments: Flax10 (corn-soybean meal basal diet adjusted for 10% flax), Flax15 (basal diet adjusted for 15% flax), Flax10E (Flax10 + 0.05% enzyme), and Flax15E (Flax 15 + 0.05% enzyme). Addition of enzyme led to large increases in villi height and villi width in the jejunum of birds fed Flax10 and increases in crypt depth in the jejunum of birds fed Flax15 (P < 0.05). The ratio of villi height to crypt depth was larger in the duodenum and jejunum of birds fed Flax10E when compared to Flax10 (P < 0.05). Feeding the Flax15 diet led to a significant decrease in total lipids in breast muscle compared to Flax10 (P < 0.05). The effect of level of flax or enzyme supplementation was minimal on the fatty acids measured in breast muscle except for total n-6 fatty acids which was higher (P < 0.05) in Flax15 when compared to Flax10. In thigh muscle, stearic acid, arachidonic acid, and total n-6 fatty acids were higher in birds fed Flax15 vs. Flax10. Feeding Flax15 led to a reduction in dry matter of excreta when compared to Flax10 (P < 0.05). There were no differences in BW, average daily gain, or feed consumption during the starter or grower phase due to flax level or enzyme addition (P > 0.05).
INTRODUCTION
is an oilseed that contains 34 to 35% oil. The ME value of flaxseed is 3,957 kcal/kg and the oil is rich in α-linolenic acid (ALA, 18:3 n-3) (40 to 50%), which makes it an attractive feed ingredient for n-3 fatty acid enrichment in poultry diets. Several authors investigated the use of flax seed in broiler diets and reported significant reduction in growth and carcass yield. The impairment in production aspects and growth rates were attributed to the presence of various anti-nutritional factors in flaxseed including high levels of cell-wall non-starch polysaccharides (NSP) (Lee et al., 1991; Ajuyah et al., 1993; Slominski et al., 2006; Zuidhof et al., 2009; Betti et al., 2009a,b) . However, not all feeding trials resulted in performance differences between flax-fed and control C 2016 Poultry Science Association Inc. Received May 9, 2016. Accepted September 10, 2016. 1 Corresponding author: gita.cherian@oregonstate.edu birds (Rodríguez et al., 2001; Baeza et al., 2013; Lopes et al., 2013) .
Non-starch polysaccharides in flax seed include both water-soluble (e.g., mucilage) and insoluble forms. Over 46% of NSP in flax is water-soluble (Jia et al., 2009) . High levels of water-soluble NSP in poultry diets are associated with increased digesta viscosity and decreased digestibility of all nutrients, particularly fat (Rebolé et al., 2002; Alzueta et al., 2003) . Adding enzymes that specifically target NSP in oil seeds can decrease or eliminate their anti-nutritive effects and increase nutrient utilization (Slominski, 2011) . Carbohydrase enzymes improve digestibility in poultry diets containing high amounts of NSP through hydrolysis of the sugar bonds in insoluble NSP resulting in an increase in availability of nutrients in the seed. Multi-carbohydrase mixtures appear to be more effective at degrading insoluble NSP in cell walls than individual enzymes (Slominski et al., 2006; Jia and Slominski, 2010; Slominski, 2011) .
The small intestine, especially the duodenum and jejunum, is the site of digestion and nutrient absorption in poultry. The capacity to absorb nutrients from the gut depends on gastrointestinal (GI) tract mucosal surface area, the passive permeability properties of the epithelium, and their functional properties (Ferrer et al., 2003) . Morphologically, the length of intestinal villi and crypt depth (CD) are indicative of the nutrient digestion and absorptive capacity of the intestine (Van Leeuwen et al., 2004) . Previous research in broiler chickens fed fish oil as an n-3 fatty acid source reported significant reduction in villi perimeter and height (Aziza et al., 2014) . To assess the efficacy of enzyme supplementation in enhancing digestibility, morphological characteristics of the small intestine in chickens should be considered.
Review of prior poultry feeding trials reveals that no experiments have been conducted to determine how the combination of whole flax seed and a mixture of multicarbohydrase enzymes affects gastrointestinal morphology and growth performance in broiler birds. It is hypothesized that the addition of carbohydrase enzymes in whole flax seed diets will influence the gut morphology in a favorable way. The objective of our experiment was to evaluate the effect of flax level and enzyme addition on gastrointestinal morphology, water content of digesta and excreta, and production performance of broiler chickens. In addition, lipid content and fatty acid composition of consumable tissues such as breast (pectoralis major) and thigh (biceps femoris) muscles were measured because of their role as potential sources of n-3 fatty acids in human diets.
MATERIALS AND METHODS
An institutional animal care and use committee approved all experimental protocols to ensure adherence to Animal Care Guidelines.
Birds and Dietary Treatments
The experiment was a 2 × 2 factorial arrangement with two levels of flax (10% and 15%) and enzyme (no enzyme, with enzyme). One hundred and twelve dayold Ross x Ross broiler chicks were obtained from a commercial hatchery and randomly placed in 16 floor pens, 7 chicks per pen (4 pens/treatment). The experimental pens (148 cm × 135 cm) were bedded with cedar shavings. From days 1 to 4, the chicks were fed a commercial starter diet. On day 5, the chicks were weighed and assigned to one of four dietary treatments. All diets had a corn-soybean meal base with whole flax seeds at 10% or 15% (Flax10, Flax15) with and without enzyme (Flax10E, Flax15E). All diets were formulated to contain 3,225 and 3,220 kcal/kg ME and 23% and 21% CP for starter (5 to 22 d) and grower (23 to 42 d) phases, respectively (Table 1 ). The enzyme mixture used in the diets (Omegazyme, Canadian Bio-Systems, Calgary, Canada) contains cellulase (5,600 U/g), xylanase (2,000 U/g), glucanase (1,200 U/g), mannanase (800 U/g), and galactanase (100 U/g). The birds were provided free access to water and feed. The chicks were not vaccinated and were housed in an environmentally controlled facility with a lighting program of 23L:1D.
Data and Sample Collection
At days 22 and 42 of the study, all the birds were individually weighed, and weight gain, average daily gain, and overall gain (days 5 to 42) were calculated. Feed intake per pen was measured on days 22 and 42 and feed efficiency was calculated as a ratio at each period.
On day 22, one bird from each pen (4 birds per treatment) was randomly selected, weighed, and then euthanized with CO2 gas. The GI tract was separated into duodenum (portion extending from the gizzard to end of duodenal loop), jejunum (portion from the end of the duodenal loop to Meckel's diverticulum), and ileum (portion from Meckel's diverticulum to the ileal-cecal junction). Digesta was collected from the duodenum and jejunum of each bird by gentle squeezing. One-to two-centimeter samples taken from the middle of the duodenal loop and jejunum from each bird were placed in buffered formalin solution for morphometric analysis. Excreta was collected from each pen and stored at −20
• C until analysis. On day 42, one bird from each pen (4 birds per treatment) was randomly selected, weighed then euthanized with CO2 gas. Organs including liver, heart, gizzard, abdominal fat pad (including fat surrounding the gizzard, bursa of Fabricius, and cloaca), spleen, and GI tract (from duodenum to cloaca) were removed and weighed. Muscle tissue samples (right pectoralis major and right biceps femoris) were collected and stored at −20
• C until analysis.
Digesta and Excreta Dry Matter
Dry matter content was determined for digesta and excreta samples. Duplicate samples for each pen (excreta) and bird (digesta) were weighed, dried in a 110
• C oven for 4 hours then weighed again. Results for duplicate samples were averaged.
Gastrointestinal Morphology
Duodenum and jejunum samples were fixed in neutral-buffered formalin and embedded in paraffin. Sections were cut from each block and stained with hematoxylin and eosin (Oregon State University Veterinary Diagnostic Laboratory, Corvallis, OR). Gastrointestinal morphology was evaluated by examination with light microscopy using LAS X software version 1.1.0.12420 (Leica Microsystems GmbH, Wetzlar, Germany) installed on a Leica digital microscope model DMI 6000B (Leica Microsystems GmbH, Wetzlar, Germany). Slides were viewed in normal planar light. Measurements of villi height (VH), villi width at the midpoint (VW), and crypt depth (CD) were made on each duodenum and jejunum sample (Figure 1 ). The The values reported for fatty acid analyses are mean of two samples (n = 2).
villi height:crypt depth ratio (VH:CD) was calculated.
Values used for analysis were the means from measurements made on 28, vertically oriented villi-crypt units from each diet. Gastrointestinal morphometric data from individual birds were pooled for each dietary treatment.
Total Lipid and Fatty Acid Analysis
Total lipids were extracted from feed and breast and thigh muscle tissues using a 2:1 chloroform:methanol solution (Folch et al., 1957) and total lipids were determined gravimetrically. Fatty acid methyl esters were prepared from lipid extracts as reported earlier using boron trifluoride methanol as the derivatizing agent (Cherian et al., 2002) . Analyses of fatty acid methyl esters were performed with an Agilent 6890 gas chromatograph (Agilent Technologies Inc., Palo Alto, CA) equipped with an autosampler, flame ionization detector, and fused silica capillary column, 30 m × 0.25 mm × 0.2 μm film thickness (Sp-2560; Supelco, Bellefonte, PA). Each sample (1 μL) was injected with helium as a carrier gas onto the column programmed for ramped oven temperatures (initial temperature was 110
• C, held for 1 min, then ramped at 150
• C/min to 190 o C and held for 55 min, then ramped at 5
• C/min to 230 • C and held for 5 min). Inlet and detector temperatures were both 220 • C. Peak areas and fatty acid percentages were calculated using Agilent ChemStation software (Agilent Technologies Inc, Wilmington, DE). Fatty acid methyl esters were identified and quantified by comparison with retention times of authentic external standards (Nuchek Prep, Elysian, MN) and were expressed as a percentage of fatty acid methyl esters or as g/100 g of sample.
Statistical Analyses
Two-way ANOVA using SAS version 9.4 (SAS Institute Inc., Cary, NC) was used for all parameters to analyze effects of flax level and enzyme supplementation. The ANOVA model was based on the equation Yij = μ + Dij + Eij + DEij + eij where μ is the overall mean; Dij is the effect of flax level; Eij is the effect of enzyme; DEij is the effect of ijth interaction between flax and enzyme; and eij is the experimental random error. Each pen was considered to be an experimental unit. Significant differences among treatment means were analyzed by Tukey's honest significance test. Main effect means and the interactions are reported. For interpretation purposes, main effect means were used when the interaction term was not significant, and individual means were used when the interaction term was significant. Means were considered significant at P ≤ 0.05 Least square means and pooled SEM are reported.
RESULTS
The ingredient content and fatty acid composition of the diet are shown in Table 1 . Fatty acid composition of the experimental diets reveals that the Flax15 starter diet delivered 0.07 g/100 g more ALA than the Flax10 starter diet, and the Flax15 grower diet provided 1.09 g/100 g more ALA than the Flax10 grower diet (Table 1) .
Results of the morphometric analysis of the duodenum and jejunum are shown in Table 2 and Figure 1 . In the duodenum, addition of enzyme led to increases in VH in birds fed Flax10E. However, this effect was not evident in birds fed Flax15E. Feeding Flax15E led to a significant decrease in VW when compared Flax15 (P < 0.05). Addition of enzyme led to large increases in villi height and villi width in jejunum of birds fed Flax10E and Flax15E and crypt depth in jejunum of birds fed Flax15E (P < 0.05). The ratio of VH:CD ratio was higher in the duodenum and jejunum of birds fed Flax10E when compared to Flax10 (P < 0.05).
Fatty acid composition of breast and thigh muscle is shown in Tables 3 and 4. The effect of level of flax or enzyme supplementation was minimal on the fatty acids measured in breast muscle except for total n-6 fatty acids which was higher (P < 0.05) in Flax15 when compared to Flax10. Feeding the Flax15 diet led to a significant decrease in total lipids in breast muscle compared to Flax10 (P < 0.05). In the thigh muscle, stearic acid, arachidonic acid, and total n-6 fatty acids were higher in birds fed Flax15 vs. Flax10. In both breast and thigh muscle, the incorporation of docosapentenoic acid (22:5 n-3) was higher than docosahexaenoic acid (22:6 n-3). No effect of enzyme addition on other fatty acids or lipid content was observed in the thigh muscle.
There were no differences in BW, average daily gain, or feed consumption during the starter or grower phase due to flax level or enzyme addition (Table 5) . Flax level and enzyme supplementation had no effect on DM content of digesta samples (Table 6 ). However, feeding Flax15 led to reduction in DM of excreta when compared to Flax10 (P < 0.05). There was no effect of diet on relative weight of the organs collected (data not shown).
DISCUSSION
Gastrointestinal tract microscopic structures can be good indicators of the response of the intestinal tract to dietary ingredients. Flax seed contains anti-nutritional factors such as NSP. The current study evaluated dietary flax level and enzyme supplementation on intestinal microscopic structure, muscle tissue fatty acid profile, and production performance in broiler chickens. Changes in villi morphology are more evident in the jejunum than the duodenum, consistent with the fact that lipid digestion in chickens occurs in the jejunum and upper ileum (Tancharoenrat et al., 2014) . By day 22, enzyme addition was associated with increases in VH, VW, and CD in the jejunum. The increase in VH 1 Flax10 and Flax15 represent corn-soybean meal diets with 10% and 15% whole flax seed without enzyme. Flax10E and Flax15E are the same diets with 0.05% enzyme as-fed. n = 8 except Flax15 where n = 6.
Total MUFA = total monounsaturated fatty acids; Total SFA = total saturated fatty acids. a,b Means with different letters within a row for flax level, enzyme supplementation, or their interactions significantly differ (P < 0.05).
is paralleled by an increase in digestive and absorptive functions and expression of brush border enzymes (Caspary, 1992) . Because long villi are correlated with improved absorptive capacity, addition of enzymes in flax-based diets offers a comparative advantage in improving the gut health status of the birds. The crypt is associated with villus renewal as a production site of stem cells, and deeper crypts indicate more rapid tissue turnover (Yason et al., 1987) . VH:CD ratio is considered a useful criterion for estimating the digestive capacity of the small intestine. A high VH:CD ratio suggests well-differentiated intestinal mucosa with high digestive and absorptive capability (Montagne et al., 2003) . In this sense, the high VH:CD ratio observed in jejunum of Flax10E could enhance digestive capacity. To more clearly define the influence of enzyme on growth performance and villi morphological parameters, additional data should be collected at the end of grower period for broiler birds. In the experiment described, no effect of flax level or enzyme supplementation affected production performance parameters such as final BW, feed consumption, and overall ADG. Olukosi et al. (2007) proposed that exogenous enzymes might provide a larger benefit to newly hatched chicks as they transition from a lipid to a carbohydrate diet while their immune system and digestive tracts are developing. The form of flax included in the diet should also be taken into account when comparing performance results between different trials. The different forms of flax used in previous trials (whole seed, ground seed, heat-treated seed, meal, oil, and combinations of these plus fish oil), the inherent large differences in AMEn (Lee et al., 1995) , and the increased potential for lipid oxidation and changes in 
P-values
Initial palatability of feed containing oil, meal, or ground seed could account for variable outcomes in performance. In addition, results are based on "mixed-gender", and no differentiation between male and female birds were made in the current study. We did not find evidence that enzyme supplementation influenced any of the production parameters tested in the grower and starter phases of the experiment. The effect of enzyme supplementation on digesta DM was minimal, suggesting that there was little effect on soluble NSP and digesta viscosity. The amount of enzyme may have been too low to affect the DM of digesta and excreta. However, we believe that it is more likely that more time was required for the same amount of enzyme to significantly change the viscosity of the excreta at the higher flax level. Level of flax reduced excreta DM. It should be mentioned that the excreta samples collected were from birds kept in floor pens. Further studies on the effect of flax level and enzymes and duration of treatment on excreta and digesta DM should be conducted at several time points on birds housed in metabolic cages with standardized facilities for excreta collection.
Overall differences in fatty acid composition of breast tissues due to flax level and addition of enzyme were negligible. However, feeding higher level of flax led to leaner breast meat. The thigh muscle tissues accumulated more stearic, arachidonic acid, and total long- chain (>20-C) n-6 fatty acids with Flax15 diets. Because total lipid values of thigh tissue are over 2-to 3-fold higher than breast tissue, thigh meat from broiler birds fed 10% or 15% whole flax seed would provide more long-chain polyunsaturated fatty acids than breast meat. On the basis of gastrointestinal morphology, we conclude that a corn-soybean meal broiler diet containing 15% whole flax seed and 0.05% of a mixture of carbohydrase enzymes results in significant changes in jejunal morphology.
